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ABSTRACT
In the pharmaceutical industry, the conventional tablet manufacturing process, a batch-
based process based on solid powder handling, presents challenges such as inhomogeneous
blending between Active Pharmaceutical Ingredients (APIs) and excipients, low yield, and low
production rate. These difficulties can be resolved by the realization of a continuous
manufacturing process through co-processing of APIs and excipients in the liquid-phase solution.
A solvent-cast thin film, produced from liquid solution, can then be manufactured into tablets by
way of a folding process. In order to design detailed compaction processes and machines,
required compression pressure for layer bonding and mechanical properties of materials should
also be investigated.
The bonding strength of solvent-cast thin film layers was quantitatively measured by lap
shear test. Based on this measurement, bonding threshold pressure was proposed as an indicator
showing degree of bonding. At the same time, the layer bonding mechanism of solvent-cast thin
films was interpreted as an interdiffusion of amorphous polymer chain end segments. In this
context, relative contact area, polymer mobility, which is measured by glass transition
temperature, and dwell time were proposed as critical factors in determining bonding threshold
pressure. The relationships between those critical factors and process parameters such as surface
roughness, residual water and excipient concentration, and compression rate were investigated.
The mechanical and viscoelastic properties of solvent-cast thin films were also
characterized. Solvent-cast thin films showed ductile-brittle transition, i.e., change of indentation
hardness and strength factors among tensile properties with respect to residual water
concentration. Changes of creep modulus and tensile properties at various stress levels and strain
rates were also observed.
Thesis Supervisor: Dr. Jung-Hoon Chun
Title: Professor of Mechanical Engineering
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CHAPTER 1
INTRODUCTION
1.1 Motivation and Background
1.1.1 Continuous Manufacturing in the Pharmaceutical Industry
The tablet is known as the most popular pharmaceutical dosage form because of its easy
handling, precision of dosing and length of chemical and mechanical stability (Sinha et al. 2009).
The tablet manufacturing process is comprised of upstream and downstream processes as shown
in Figure 1.1. The upstream process is the series of chemical processes required to produce the
Active Pharmaceutical Ingredient (API), which is the real drug component. Medically value-
added API is compounded with raw chemical materials, which have no pharmaceutical effect,
through the chemical synthesis process and then purified through the crystallization process that
follows. Tablets are ultimately produced at the downstream process by annexing adducts such as
excipients and solvents to the APIs. An excipient is a pharmaceutically inert substance that
functions as a carrier of APIs. Excipients include dilutents for size and volume control,
disintegrating agents for absorption in the human body, glidants for lubrication, binders for
adhesion, stabilizers for shelf-life control, etc. The bulk and surface characteristics of the API
solid powder are homogenized by the granulation and milling processes. This improves powder
flowability at the transfer process and makes tablet compaction easier. Thereafter, API powder is
blended with excipient powder and then compacted at the tablet press to become the final solid
tablet dosage form.
This conventional and complicated chain of batch operations has been utilized since late
19th century in the pharmaceutical industry. The process has intrinsic problems, originating in the
area of solid powder handling. In the first place, the homogeneous mixing of API powder with
excipient powder is difficult to accomplish at the blending process. Inhomogeneous blending can
be a cause of nonuniform distribution of API content and density in the tablets. Moreover, the
batch-based tablet manufacturing process is costly, inefficient and has a longer production time,
as compared to other processes in highly competitive industries, since material flow is not
continuous between its sub-operations. In addition to that, it is hard to flexibly control an output
with respect to market demand change, and when a new drug is developed, a batch-based
manufacturing process requires excessive time and expense for the re-design and scale-up of the
existing manufacturing facility in need of commercialization.
The batch-based tablet manufacturing process has been used in pharmaceutical factories
across the globe for over one hundred years, because until now pharmaceutical companies have
made enough profits on new drug development to offset the problems inherent in the
manufacturing process of the drugs. However, the need for more efficient manufacturing
processes in the pharmaceutical industry has recently been growing. It is becoming more difficult
and costly to discover patent-protected blockbuster drugs such as hypertension, diabetes,
heartburn, and high cholesterol medicines (Dedesma 2010). Furthermore, competition in the
generic drug market is quickly ramping up because of rising companies in developing countries.
Once a new drug patent expires, virtually any pharmaceutical company can make a generic
version of it. Only those companies able to produce the same drug at a lower cost will survive in
this fierce competition, and for this reason, a more efficient manufacturing process is becoming
even more important in the industry than in the past. Thus, pharmaceutical companies are
actively seeking more efficient and cost-effective methods of manufacturing their drugs.
Motivated by these concerns, a research project has been launched at the Novartis-MIT
Center for Continuous Manufacturing (CCM) with the aim of converting the conventional batch-
based tablet manufacturing process into a continuous one. This research has the potential to
change the pharmaceutical manufacturing paradigm by solving the problems emanating from
solid powder handling. A continuous tablet manufacturing process can be realized by replacing
solid powder handling with co-processing of APIs and excipients in a liquid-phase solution.
Blending of APIs, excipients, and solvents in the liquid-phase improves homogeneity of blends.
What is more, a continuous tablet manufacturing process can be accomplished by avoiding
granulation operation, which is an essential part of solid powder handling and the primary cause
of discontinuous material flow.
The continuous tablet manufacturing process has the following advantages as compared
with the conventional batch-based manufacturing process:
(a) Uniform and rapid blending of API and excipients
(b) Fast production speed and high yield
(c) Cost-saving
(d) Flexible output control
(e) Fast market introduction of new drugs
(f) Real-time quality inspection
(g) Easy automation.
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Figure 1.1 Schematic of the Tablet Manufacturing Processes: (Left) Conventional Batch-
Based Process, (Right) Continuous Process
1.1.2 Solvent-Cast Thin Film and Folding
When tablets are manufactured from the liquid-phase solution of APIs, excipients, and
solvents, one of the challenging issues is drying, that is, how to remove sufficient amounts of
solvents rapidly. In the general drying process, such as hot plate or hot air drying, the surface is
dried and solidified first and then acts as a barrier obstructing solvent mass transfer. Because of
this so-called ripple effect, it is difficult to get rid of solvents remaining in the inner part of the
material. Solvent casting of thin films is the way to solve this potential drying challenge, since
the process enlarges the surface area and facilitates solvent evaporation. Polymer films have not
previously been investigated for buccal delivery (Deshpande et al. 1997), but clearly, solvent-
cast thin films hold great promise for the continuous process manufacturing of tablets.
A folding operation is a potential candidate for producing tablets from the solvent-cast
thin films. Figure 1.2 is a schematic of the folding process. Thin film sheets, which are cast on
the non-sticky substrate from the homogeneous liquid solution of APIs, excipients, and solvents,
can be formed into accordion-like folds by this process. Folds are then further treated throughout
roller compression, cutting, and tablet compaction to become tablets. These tablets will satisfy
several of the requirements listed in Table 1.1 (Bennett and Cole 2003; Gad 2008; Mahato 2007).
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Figure 1.2 Schematic of the Folding Process
Table 1.1 Standards for Powder-Compacted Tablet Validation
Mechanical Properties Hardness, Friability
Release Profile Disintegration and Dissolution Rate
Uniformity Content, Density, Shape and Surface Uniformity
Stability Mechanical, Thermodynamic, and Chemical Stability
General Appearance Biconvex Shape
- --- - -------  -------
li
1.1.3 Layer Compaction and Bonding
In the case of powder compaction in the batch-based tablet manufacturing process, a
pressure above 250 MPa (38 ksi) is hardly ever used (Belousov 1974). Instead, 194 - 200 MPa
(28 ksi) tablet punch pressure is the guidance pressure in the pharmaceutical industry (Gad 2008).
However, the use of solvent-cast thin films for the continuous tablet manufacturing process
demands a fundamental understanding of layer compaction, which differs entirely from powder
compaction, and will therefore need to be investigated in depth.
Figure 1.3 illustrates delamination and capping phenomena, typical powder-compacted
tablet fracture modes. "Delamination" is the separation of a tablet into distinct layers and
"capping" refers to a breach of a piece from the tablet's main body. Delamination, in particular,
is expected to be the most frequent failure mode of layer-compacted tablets. Each layer of the
solvent-cast thin film must be sufficiently bonded in order to prevent potential delamination
problems. Therefore, layer bonding of solvent-cast thin films should be studied as an important
prerequisite of layer compaction research.
(a) Microscopic Porosity of a Delaminated (b) Photography of Broken Tablets Showing the
Particle (Bizi et al. 2003) Capping Failure (Wu et al. 2005)
Figure 1.3 Failure Modes of Powder-Compacted Tablets: Delamination and Capping
.. . .. .......
1.2 Thesis Objectives
The main objective of this thesis is to solve the problem of determining compression
pressure, which is needed to have sufficient bonding strength between layers of solvent-cast thin
films. The effects of critical parameters for layer bonding can be investigated by means of
suggesting how to measure bonding strength between solvent-cast thin film layers and explaining
the theoretical mechanism of layer bonding. The research regarding the required compression
pressure for layer bonding will be the cornerstone for the design of detailed processes and
machine specifications of the forming and layer compaction operations.
In addition, the minor objective of this thesis is to characterize mechanical and
viscoelastic properties of solvent-cast thin films. This study can be helpful in determining the
tension level and process speed of the folding and transfer processes. Understanding layer
bonding and mechanical properties of solvent-cast thin films will also enable backward feedback
to chemical formulation and will ultimately lead to the casting of thin films with superior
properties.
1.3 Thesis Organization
Chapter 1 describes the motivation, background, objectives, and organization of this
thesis. In Chapter 2, chemical formulation and casting procedures of solvent-cast thin films are
introduced and measurement methods and results of the material properties at the casting step are
presented. Chapter 3 details the concept of bonding threshold pressure defining the degree of
layer bonding and presents polymer interdiffusion as a layer bonding mechanism. Experimental
results, with regard to the effects of critical parameters on layer bonding, are illustrated and
discussed. In Chapter 4, mechanical and viscoelastic properties of solvent-cast thin films are
characterized. Ductile-brittle transition as a function of residual water concentration is observed,
and experimental results regarding the creep modulus at various stress levels, and the effect of
strain rates on tensile properties, are illustrated and discussed. Lastly, concluding remarks and
recommendations for future research are presented in Chapter 5.
CHAPTER 2
THIN FILM CASTING
2.1 Chemical Formulation
API
In this thesis, SPP100 aliskiren hemifumarate salt (trade name: Tekturna) was used as an
API. SPP100 is a renin inhibitator for the treatment of hypertension. It was developed by
Novartis pharmaceuticals and approved by the Food and Drug Administration (FDA) in 2007.
SPP100 is hygroscopic white powder and has an amorphous structure, which is exceptional in a
drug. Since the chemical degradation temperature of SPP100 is known to be about 70 'C, heat
should be transferred to SPP100 carefully. SPP100 is soluble in both water and ethanol and its
typical dosage is 150 and 300 mg. The chemical formula of SPP100 is C30H53N3 06 e 0.5C4H4 0 4
and its chemical structure is shown in Figure 2.1.
H:f&. f/ H;
HOC-O)
Figure 2.1 Chemical Structure of SPP 100
Excipient
Hydropropyl methylcellulose (HPMC, trade name: Methocel) was purchased from Dow
chemical and used as an excipient. HPMC is the thermoplastic (Guo et al. 1998) film former
commonly used for oral pharmaceutical products (Banker et al. 1982). It is a hygroscopic,
amorphous polymer compatible with SPP 100. HPMC is soluble in water but insoluble in ethanol.
X 0 ' ' Q
In this thesis, Methocel TM Premium LV E3 (2.4 ~ 3.6 cP viscosity) and E5 (4 ~ 6 cP viscosity)
were used for thin film casting. The chemical formula of HPMC is C5 6HI080 3o and its chemical
structure is shown in Figure 2.2.
H OR 120R
0-
:H20R
-H
n
Figure 2.2 Chemical Structure of HPMC
Solvent
Water and ethanol were used as solvents. The heat of vaporization of water and ethanol is
2257 and 381 kJ/kg, respectively, so that under the same drying conditions, the evaporating
speed of ethanol is faster than that of water. However, aqueous ethanol was used as a solvent
because HPMC is insoluble in pure ethanol.
Plasticizer
Liquid-phase Propylene Glycol (PG) was used as a plasticizer. PG is compatible with
both SPP 100 and HPMC, and is also miscible with both water and ethanol. The addition of PG to
the chemical formulation prevents solvent-cast thin films from becoming brittle within a short
time after casting. Nevertheless, after substantial drying progress, solvent-cast thin films
inevitably becomed brittle because of the volatility of PG.
2.2 Casting Procedures
Solution Blending
The procedure used to blend the API, excipients, solvents, and plasticizers and to make
homogeneous liquid solution can be summarized as follows:
(1) SPP 100 powder is dissolved in water.
(2) PG is added to the SPP 100-water solution.
(3) HPMC is dispersed in ethanol.
(4) SPP 100-PG-water solution is added to the HPMC-ethanol dispersion.
(5) SPPl00-HPMC-PG-ethanol-water dispersion is stirred over two hours on a magnetic
stirring plate with a magnetic stirring bar before the dispersion becomes a transparent
solution.
(6) The homogeneous solution is left in the hood over 12 hours in order to remove air
bubbles in the solution.
Casting
The casting apparatus, including the knife film applicator and substrates, are shown in
Figure 2.3. An aluminum-backed Teflon plate and polyester film were used as casting substrates.
The surface of the Teflon was finished using fly-cutting and the flatness of the polyester was
maintained by connecting a stainless steel plate and bar to the apparatus. The knife film
applicator was utilized to spread liquid solution on the substrate surface and to control the wet
thickness of the solvent-cast thin films. About 20 mL of solution was poured along one edge of
substrate and the knife film applicator was dragged at as constant a speed as possible in order for
the solution to be cast with uniform thickness. After drying, it was possible to peel the solvent-
cast thin films off of both non-sticky substrates.
(a) Knife Film Applicator on the Polyester (b) Knife Film Applicator on the Aluminum-
Substrate Backed Teflon Substrate
Figure 2.3 Casting Apparatus
Drying, Cuttingz and Sealing
The solvent-cast thin films were dried either by natural convection in ambient conditions
or by forced convection in a VWR 1400E vacuum oven at room temperature. During drying, the
temperature and relative humidity were measured using a VWR Jumbo temperature/humidity
meter. Once dry, the solvent-cast thin films were peeled off of the substrates and cut into 25 mm
long X 5 mm wide specimens for bonding and characterization experiments. Cutting was
accomplished by either scissors or a manual press stainless steel cutter, in the machine shop.
Since solvent-cast thin films were assumed to be isotropic material, the dragging direction of the
knife film applicator was not considered during cutting. After drying and cutting, the solvent-cast
thin films were sealed using a VACUPACK Lite vacuum sealer.
2.3 Characterization of Material Properties
Thickness
The thickness of solvent-cast thin films was measured using VWR Traceable digital
calipers with a resolution of 10 gm. The center region thicknesses of five different samples were
measured individually, then the average and the standard deviation were recorded.
Surface Rou2hness
The surface roughness of the solvent-cast thin films was determined using a KLA-Tencor
P1O stylus profilometer. At every measurement, experimental conditions were maintained as
follows: 1000 ptm scan size, 50 pm/s scan speed, 200 Hz sampling rate, and 65 pm vertical
ranging resolution. The solvent-cast thin films were attached onto a Polymethyl methacrylate
(PMMA) plate using 3M double-sided scotch tape. The Ra, arithmetical average deviation of the
assessed surface profile, was used as a standard to indicate the surface roughness of solvent-cast
thin films among amplitude parameters. Ra is defined as:
1
R = -$ y (2.1)
n=1
where y, is the vertical deviation of the surface profile at each scan length point from the mean
values.
Residual Concentration: Water
The residual water concentration in the solvent-cast thin films was determined using a
Mettler Toledo V20 Volumetric Karl Fischer Titrator. Every measurement was repeated at least
five times and then the average and standard deviation were documented.
Residual Concentration: Ethanol and PG
Gas Chromatography (GC) is the most common method employed to determine amounts
of residual solvents (B'Hymer 2003). The residual concentrations of ethanol and PG were
measured by GC (Agilent Technology 7890A GC system with G1888 Network Headspace
Sampler).
The residual ethanol concentration of samples numbered 1, 2, 4, and 5 in Table 2.3 was
determined by GC and these results are shown in Table 2.1. The vacuum drying time was
different for all cases. The residual ethanol concentration of all the samples was less than 0.001
ppm, however, the average of residual water concentration was 0.55 ~ 1.68 wt % for the same
material. The order of magnitude of residual water was 10 million times larger than that of
ethanol. Most of the ethanol had already evaporated from the solvent-cast thin films before GC
measurements. Because of its low concentration, residual PG concentration was not even
detected using GC. We can, therefore, ignore the effects of ethanol and PG on the solvent-cast
thin films' bonding and mechanical properties, because of their comparatively small
concentrations as compared to water. That is to say, water is the most important residual solvent.
Table 2.1 Residual Ethanol Concentration in the Solvent-Cast Thin Films
Sample Number 1 2 4 5
Residual Ethanol 0.00056 0.00033 0.00017 0.00000
Concentration (ppm)
Residual Water 1.68 0.30 0.92 0.34 0.60 0.10 0.55 0.13Concentration (wt %) 1 1
2.4 Thin Film Samples for Experiments
The chemical formulations of the liquid solutions for thin film casting are presented in
Table 2.2. Chemical formulation numbers 1- 3 were used for direct thin film hand-casting at MIT.
Chemical formulation number 4 was used for thin film casting using the Novartis research
facility in Nebraska.
Table 2.2 Chemical Formulations of the Liquid Solution
Chemical SPP100 HPMC (g) Water Ethanol PGFormulation (g) E3 E5 (mL) (mL) (mL)
Number
1 0 10 0 50 50 3.4
2 3.3 10 0 50 50 3.4
3 10 10 0 50 50 3.4
4 10 0 10 30 38 3.9
The data obtained from solvent-cast thin film samples for all the experiments in this
thesis is listed in Table 2.3. In this table, "wet thickness" is the vertical height of liquid solution
between knife film applicator and substrate and "dry thickness" denotes the thickness of solvent-
cast thin films after the drying process. The "top and bottom surface" indicates the surface
contacting air during drying and the surface contacting substrate, respectively.
In contrast, samples numbered 11 - 14 in Table 2.3 were cast at the Novartis research
facility in Nebraska. Polyester film was used as a substrate and the wet thickness was controlled
using the slot die system. Heating was applied for 30 minutes using a 70 'C hot plate, which was
located below the thin films for drying. The thin film samples were sealed after casting and then
shipped to MIT for further experiments.
Figure 2.4 shows micrographs of the top and bottom surfaces of the solvent-cast thin
films using a JEOL JSM-6060 Scanning Electron Microscope (SEM). Sample number 7 in Table
2.3 was used in Figure 2.4 (a) and (c) and sample number 12 was utilized in (b) and (d). The
bottom surface from the Teflon substrate was rougher than the one from the Polyester substrate
because the surface roughness of the bottom surface of solvent-cast thin films depends on the
surface topography of the substrate. In addition, a crystalline structure was observed in Figure
2.4 (d), in contrast to the amorphous structure observed in (c). This confirms that the rapid
cooling rate originating from a heating source such as the hot plate method could alter the
microstructure of the polymers.
Table 2.3 Solvent-Cast Thin Film Samples
(a) Teflon Substrate: Vacuum Drying
Sample Number 1 2 3 4 5
Chemical Formulation Number 3 3 3 3 3
Substrate Teflon Teflon Teflon Teflon Teflon
Drying Time 9 9 9 9
(Hours)
Natural 20.7 - 20.7 - 20.7 - 20.7 - 20.7-
Convection Temperature ('C) 21.9 21.9 21.9 21.9 21.9
Drying Relative Humidity 22~ 22~ 22~ 22 - 22~(% RH) 23 23 23 23 23
Drying Time 0 1 1.5 2 8Vacuum (Hours)
Drying Temperature ('C) 19.8- 19.8- 19.8- 19.8- 19.5 -
21.7 22.1 22.1 22.3 22.3
Wet Thickness (mm) 1.2 1.2 1.2 1.2 1.2
ness Dry T119 119 119+ 119 119
Dry Thickness (pm) 16 16 16 16 16
Residual Water Concentration (wt %) 1.630 0.34 0.634 0.10 0.153
(b) Teflon Substrate: Natural Convection
Sample Number 6 7 8 9 10
Chemical Formulation Number 3 3 3 2 1
Substrate Teflon Teflon Teflon Teflon Teflon
Drying Time 10 17 11 11 11
(Hours)
. Natural 20.0 ~ 20.4 ~ 20.3 ~ 20.9 ~ 20.7 ~
Drying Convection Temperature (C) 22.4 22.1 21.4 21.5 20.8
Relative Humidity 22~ 24~ 49~ 47~ 49~
(% RH) 24 28 58 49 50
Wet Thickness (mm) 1.2 1.2 1.2 1.2 1.2
Thickness 131 92± 162 128 98
Dry Thickness (m) 25 23 20 18 4
1.50 1.14 6.32 5.57 4.87Residual Water Concentration (wt %) 0.14 0.32 1.23 0.97 0.13
Surface Top Surface (gm) - 0.83 0.34 0.07 0.05
Roughness Bottom Surface (pim) - 3.64 0.82 1.21 1.35
(c) Polyester Substrate
Sample Number 11 12 13 14
Chemical Formulation Number 4 4 4 4
Substrate Polyester Polyester Polyester Polyester
Drying Time 2 7 22 56
(Hours)
Natural 20.7- 20.5~ 20.5- 20.5-
Drying Convection Temperature ("C) 21.9 22.8 24.7 25.3
Relative Humidity 22 ~23 22 ~24 21 ~27 21 -31
______ (% RH)___
Dry Thickness (gm) 104 ±9 104 9 104 9 104 9
4.29± 3.65± 3.10± 2.86±
Residual Water Concentration (wt %) 0.73 0.64 1.26 1.06
Surface Top Surface (gm) 0.37 0.37 0.37 0.37
Roughness Bottom Surface (pim) 0.14 0.14 0.14 0.14
(a) Bottom Surface Cast on the Teflon
Substrate
(b) Bottom Surface Cast on the Polyester
Substrate
(c) Top Surface Cast without Heating (d) Top Surface Cast with Heating
Figure 2.4 SEM Micrograph of the Solvent-Cast Thin Film
yr-
CHAPTER 3
LAYER BONDING
3.1 Introduction
To manufacture tablets, solvent-cast thin films will be layer-compacted using forming
machines and a tablet press. Layer bonding by compression pressure is an essential factor in this
process. Of the potential modes of failure anticipated in the layer compaction process,
delamination phemomenon is the primary obstacle to be avoided. To this end, a fundamental
study of layer bonding is required if tablets with good mechanical properties are to be
manufactured from solvent-cast thin films. Of special significance is the required compression
pressure for sufficient bonding strength between solvent-cast thin film layers, since compression
pressure will determine the design specifications of the folding machines and tablet press.
This chapter advances the concept of bonding threshold pressure as an indicator, defining
the degree of bonding of solvent-cast thin films, using typical relationships between compression
pressure and bonding strength. A layer bonding mechanism of solvent-cast thin films under
compression was also proposed, based on layer bonding experiment results using the lap shear
test. Lastly, critical process parameters controlling bonding threshold pressure were investigated
and their effects and relationships were discussed.
3.2 Layer Bonding Mechanism
Polymers are generally hydrophobic material with low surface energy (Navaneetha
Pandiyaraj et al. 2008). Thus, external compression pressure is usually required for polymer
bonding. The polymeric bonding mechanism has been explained here, based on the following
theories (Allen 1993; Schultz and Nardin 2003):
(a) Polymer Interdiffusion: Penetration of polymer chain end segments into a contacting
surface
(b) Mechanical Interlocking: Anchoring or keying of one material into asperities, pores,
or cavities of other material at the layer interface
(c) Chemical Bonding: Covalent, Ionic and Hydrogen bonds
(d) Physical Adsorption: Attractive forces between interface molecules because of van
der Waals forces
(e) Elastostatic Interactions: Electron transfer across the layer interface
Of the list above, chemical bonding, physical adsorption, and elastostatic interactions are
not applicable to macroscopic bonding at the polymer layer interface under compression, since
they illustrate bonding mechanisms at the molecular level. Usually, when mechanical
interlocking dominates a bonding mechanism, rougher surfaces bond better than smoother
surfaces. However, as it will be shown in Section 3.4.2.1, layer bonding of smoother surfaces of
solvent-cast thin films was easier in this case. Accordingly, we assume that polymer
interdiffusion is the governing layer bonding mechanism of solvent-cast thin films.
As an excipient, solvent-cast thin films include HPMC, an amorphous polymer.
Amorphous polymer end segments can snake through the contacting layer interface under
compression and then make entanglements between layers (Voiutskii 1963). Bonding strength is
defined as the required force per unit area to disentangle or rupture penetrated polymer chains
(Wool 1995). Bonding strength by means of polymer interdiffusion is explained by the
penetration depth and the number of chains across the interface (Jabbari and Peppas 1994).
The physical and mechanical properties of the inner bulk and the outer surface regions of
polymer films are considerably different (Yuri et al. 2004). There is an entanglement density
difference between the two regions and this leads to a polymer chain mobility difference. Thus,
polymer mobility in the outer surface is higher than in the bulk region (Frank et al. 1996; Meyers
et al. 1992). This reinforces polymer interdiffusion theory as a bonding mechanism across thin
film layer interface. Polymer interdiffusion has been employed elsewhere to explain bonding,
especially between similar polymers (Packham and Johnston 1994) and there have been
previous polymer bonding studies focusing on crack healing (Wool and O'Connor 1981).
However, to the best of my knowledge, there have been no prior studies on the layer bonding of
polymer thin films for oral pharmaceutical applications.
3.3 Experimental Set-up
3.3.1 Layer Bonding Experiments
3.3.1.1 Materials and Apparatus
The geometry of solvent-cast thin film specimens for layer bonding experiments is shown
in Figure 3.1. These specimens were also used for mechanical characterization experiments in
Chapter 4. Specimens were cut to 25 mm long X 5 mm wide using scissors or a stainless steel
cutter with a manual press. Both 5 mm long end sections of the specimen were used for bonding
and grip in order for the bonding area to be 25 mm2 . The standard specimen geometry in
American Societyfor Testing and Materials (ASTM) D 3163 is 101.6 mm long X 25.4 mm wide.
But the practical upper limit of the load cell was 8 kN and it was not sufficient force for bonding
with samples having large surface area (101. 6 mm long X 25.4 mm wide). For this reason, the
sample geometry was modified in order to increase the upper limit of compression pressure on
the bonding area to 320 MPa.
Figure 3.1 Geometry of the Solvent-Cast Thin Film Specimen
A Zwick/Roell static material testing machine ZO10 (Zwick mechanical tester), housed at
the MIT Institute of Soldiers Nanotechnology (ISN), was used for the layer bonding experiments.
A photograph of the Zwick mechanical tester is shown in Figure 3.2. Although a 10 kN load cell
was used, 8 kN was the maximum upper limit of compression force for the machine's protection.
All the test conditions of the Zwick mechanical tester were controlled and experimental data
were processed using TestXpert 2.0 software.
Figure 3.2 Photograph of the Zwick Mechanical Tester
3.3.1.2 Procedures
Various methods including tensile, peel, impact, and bending tests have been suggested
to measure interfacial bonding strength (Zhang and Li 2009). There are two ways to define layer
bonding strength for polymer films (Dauskardt et al. 1998). The first way is by measuring the
work for debonding, as in the double cantilever beam (DCB) method, and the second one is by
determining the maximum force for debonding, as in the lap shear test. In this thesis, the lap
shear test was used to determine bonding strength quantitatively, by measuring the maximum
tension point necessary to break bonded thin film strips according to ASTM D 3163. The lap
shear test was selected for the following reasons:
(a) Ultimately, the two methods show similar results (Guerin et al. 2003). But, the sample
preparation and test procedures for the lap shear test are much simpler than those required for the
DCB method.
(b) Among the three basic loading modes for a cracked body in fracture mechanics, the
lap shear test evaluates in-plane sliding mode (Mode 1I) and the DCB method assesses tensile
opening mode (Mode I) (Richard P. Wool, 1995). Since delamination, or potential tablet fracture
mode, would occur more frequently in in-plane sliding mode (Mode II) than in tensile opening
mode (Mode I), it is only logical to select the experimental method which bears the most
resemblance to a realistic tablet failure case, that is, Mode II.
(c) The DCB method requires a larger bonding area than the lap shear test. Therefore, it
was difficult to apply sufficiently high compression pressure in this method, since the load cell
was practically at its upper force limit.
(d) The lap shear test has been used successfully in many prior studies of amorphous
polymer bonding, such as polystyrene and polypropylene (Boiko and Prud'homme 1998;
Pandiyaraj et al. 2009).
A schematic of the lap shear test is illustrated in Figure 3.3. Lap shear tests were
conducted by two consecutive procedures, lap shear joint formation and bonding strength
measurement, in ambient conditions. All the experiments were repeated at least 5 times under the
same conditions.
Lap Shear Joint IPressure Solvent-Cast Thin Film
2C7/
5 mm
25mm
(a) Lap Shear Joint Formation
Grip
Pressure Tensile Grip
5 mm:i
£7
I
Tensile
Loading
(b) Bonding Strength Measurement
Figure 3.3 Schematic of the Lap Shear Test
Lap Shear Joint Formation
Lap shear joint formation was performed using the compression mode of the Zwick
mechanical tester. Vaseline Petroleum Jelly was applied onto circular compression flat platens in
order to prevent bonding with the solvent-cast thin films. The bonding areas of the two solvent-
cast thin film specimens were overlapped between two flat compression platens. The lap joint of
the bonded samples was developed after applying compression pressure. Thereafter, bonded
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samples were sealed in 10 mL vials with a parafilm from the Pechiney Plastic Packaging
Company, so that the bonding region was protected from external force during manipulation.
Following bonding, and within 24 hours after sealing, strength measurements were taken. The
bottom surfaces of the rectangular specimens were contacted and then bonded, except in the
experiments in Section 3.4.2.1, which examined layer bonding at various surface roughnesses.
The "bottom surface" indicates the surface of the solvent-cast thin films that contacted the
substrate during casting and drying. 10 mm/min of crosshead speed was used in each of the layer
bonding experiments except those in Section 3.4.2.3, which examined layer bonding at various
compression rates.
Bonding Strength Measurement
The bonding strength measurement was obtained using tensile mode of the Zwick
mechanical tester. The grip region of the bonded thin film samples, made in lap shear formation,
was connected to a fixed lower tensile grip and an adjustable upper one. In order to prevent
potential slipping, the grip region was attached to the tensile grip using Nashua 398 multi-
purpose duct tape and then tightened by the screw. After that, tension was applied at a 3.5
mm/min crosshead speed (0.1 1/min strain rate). Once separation of the bonding region occurred,
the bonding strength measurement was stopped and the maximum force at the debonding point
was recorded. The layer bonding strength obtained by the lap shear test is expressed as (Yen and
Lin 2009):
F
TB (3.1)
where TB is the bonding strength, F. is the measured maximum force, and A0 is the initial
bonding area.
3.3.2 Dynamic Mechanical Analysis (DMA)
The dynamic mechanical properties of the solvent-cast thin films were determined by
ASTM D 5026. A TA Instruments Dynamic Mechanical Analyzer Q800, housed at the MIT ISN,
was used as the DMA experiment apparatus and sample numbers 8, 9, 10, 12, 13, and 14 from
Table 2.3 were utilized in the experiment. In order to apply an oscillating strain, the multi-strain
module was selected as a DMA experimental set-up and the clamp for tension-film was installed
to the frame. The oscillation strain input was 1 Hz frequency and 0.2 % strain amplitude. The
temperature of the samples was constantly increased from 35 'C to 90 'C by 1 'C/min at the
linear temperature ramp mode. Storage modulus, loss modulus and tan 6 were measured from
phase angle difference between the applied sinusoidal strain and the resultant sinusoidal stress.
According to the ASTM E 1640, there are two ways to determine glass transition
temperature from measured dynamic mechanical properties. The first is to find the peak point of
the tan 6 curve, since this is also the standard point of glass transition temperature 6(Barral et al.
2000). Alternately, glass transition temperature can be found at the outset of the region in which
the storage modulus begins to decrease. The latter method was used in this thesis. Glass
transition temperature was analyzed using TA Universal 4.5 software connected to the DMA
Q800.
3.4 Experimental Results and Discussion
3.4.1 Bonding Threshold Pressure
The typical relationship between compression pressure and bonding strength, as
measured by the lap shear test, is shown in Figure 3.4 (a). This graph shows the results of layer
bonding experiments with bottom surfaces from sample number 13 in Table 2.3. In the graph,
blue points and error bars indicate average and standard deviations of the bonding strength
measurement, which was repeated at least 5 times. This correlation emerged as a pattern in all of
the other samples and test conditions. Figure 3.4 (b) demonstrates the generalized bonding
strength profile in terms of compression pressure. Bonding states can be divided as follows:
o State 1: Non-Bonding (Bonding Failure) State
o State 2: Incomplete Bonding State
o State 3: Complete Bonding State.
First we see that, even though compression pressure increases, the layers of solvent-cast
thin films are not bonded, so that there is no bonding strength at non-bonding state. Bonding
strength begins to develop once compression pressure exceeds bonding initiation pressure.
Thereafter, the bonding strength proportionally increases according to the compression pressure
at the incomplete bonding state. After compression pressure becomes greater than bonding
threshold pressure, bonding strength no longer increases and instead, converges to a constant
value at the complete bonding state. The average bonding strength at the complete bonding state
comes to maximum bonding strength between solvent-cast thin film layers under compression,
and this number is smaller than the Ultimate Tensile Strength (UTS) of the material.
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3.4.2 Polymer Interdiffusion
3.4.2.1 Relative Contact Area: Surface Roughness
Experiment 1: Rou2her Surface Roughness
The layer bonding experiment results of solvent-cast thin film samples with a surface
roughness range of 0.83 ~ 3.64 gm are presented in Figure 3.5. Ra is the arithmetic average of
two Ra values of contacting surfaces. In this experiment, sample number 7 from Table 2.3 was
used, and surface roughness was the only varying process factor. The surface roughnesses of
both the bottom surface contacting the substrate, and the top surface exposed to the air, are
different. "Surface contact mode" simply means various combinations of contacting surfaces of
the solvent-cast thin films.
Non-bonding, incomplete, and complete bonding states appear in all the cases of this
experiment as shown in Figure 3.4 (b). Moreover, Ra was directly proportional to bonding
threshold pressure in 0.83 - 3.64 pm surface roughness range. In conclusion, the smoother the
surface roughness of the solvent-cast thin films, the less pressure was needed to reach the
bonding threshold point. Thus, smoother surfaces made for better bonding.
Experiment 2: Smoother Surface Rou2hness
Figure 3.6 shows the layer bonding experiment results of solvent-cast thin film samples
in the 0.14 ~ 0.37 gm surface roughness range, using sample number 11 from Table 2.3. Sample
number 11 was cast onto the polyester substrate so that it had a lower surface roughness as
compared to samples cast onto the Teflon substrate, in Figure 3.5. Surface roughness was the
only controlled factor. As Figure 3.5 demonstrates, solvent-cast thin films in the smoother
surface roughness range (0.14 ~ 0.37 pm) displayed the same results as those in the rougher
surface roughness range (0.83 ~ 3.64 pm), that is, there is a proportional relationship between
Ra and bonding threshold pressure.
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Summary
Figure 3.7 summarizes the experimental data of Figures 3.5 and 3.6. Both rougher surface
roughness range (0.83 ~ 3.64 pim) and smoother surface roughness range (0.14 ~ 0.37 ptm) had a
proportional relationship between Ra and bonding threshold pressure that was almost linear. In
conclusion, the smoother surface was found to be the better bonding surface, while surface
roughness scarcely bears a relation to the average bonding strength at complete bonding state.
It is known that surface characteristics play an important role in polymer bonding
(Sanchez 1992). If surface roughness has an effect on bonding threshold pressure, then that effect
can be understood as either the result of mechanical interlocking or an increase in relative
contact area (ratio of actual contact area to nominal contact area) by polymer interdiffusion.
Mechanical interlocking is a bonding mechanism of anchoring one material into
asperities, cavities, or pores in the material of the opposite side by means of plastic deformation,
which occurs once local stress at the surface contact region surpasses yield strength under
compression. In some cases, mechanical interlocking plays an important part in polymer bonding
(Gent and Lin 1990; Packham and Johnston 1994). In particular, mechanical interlocking can be
a dominant bonding mechanism when surface roughness is relatively large (Adams et al. 1995).
Generally speaking, if mechanical interlocking plays a crucial role in bonding, the rougher the
surface, the better the bonding (Allen 1993; 2005). However, our layer bonding experiments
revealed that when the surface is smoother, it is easier for solvent-cast thin films to be bonded.
Hence, it can be extrapolated that the effect of mechanical interlocking is sufficiently weak
enough to be ignored in layer bonding.
In fact, polymer interdiffusion theory can explain this phenomenon of easier bonding for
smoother surfaces. In the layer bonding of polymer films, the relative contact area increases as
the surface becomes smooth (Persson et al. 2004). An increase in relative contact area implies
area expansion, at which point, polymer chains penetrate across the interface. From a
macroscopic point of view, this also leads to an increase in bonding strength per unit area.
Therefore, polymer interdiffusion by penetration of amorphous polymer chain end segments can
be an appropriate layer bonding mechanism for solvent-cast thin films.
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3.4.2.2 Polymer Mobility
3.4.2.2.1 Experimental Results
3.4.2.2.1.1 Residual Water Concentration
Figure 3.8 shows the layer bonding and DMA experiment results of solvent-cast thin film
samples having different residual water concentrations at various drying times. The glass
transition temperature was determined from DMA results. Sample numbers 12, 13, and 14, from
Table 2.3, were used for this experiment. DMA is one of the most effective ways to analyze the
effect of residual water on the viscoelastic properties of materials (Nogueira et al. 2001). In
Figure 3.8, C, and T symbolize residual water concentration and glass transition temperature,
respectively.
3.4.2.2.1.2 API Loading
Figure 3.9 shows layer bonding and DMA experimental results of sample numbers 8, 9,
and 10 (API loading 0, 25, 50 wt %) from Table 2.3. API loading is defined as:
API Loading (wt %) = API Weight
API Weight + Excipient Weight
All the casting components, including excipient weight, solvent volume, and plasticizer volume
were uniform except API weight for solvent-cast thin films of various API loading, as shown in
Table 2.3. In Figure 3.9, C, symbolizes excipient concentration.
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3.4.2.2.2 Discussion
3.4.2.2.2.1 Glass Transition Temperature
The relationship between glass transition temperature and bonding threshold pressure in
the two sample groups from Figures 3.8 and 3.9, are shown in Figure 3.10. A proportional
relationship between glass transition temperature and bonding threshold pressure was observed.
Polymer mobility can be expressed through glass transition temperature. Low glass transition
temperature indicates active mobility of polymer chains, so that interdiffusion of polymer chain
end segments across the layer interface occurs distinctly. Hence, bonding threshold pressure
decreases and layer bonding becomes easier.
All the layer bonding experiments of solvent-cast thin films were conducted at room
temperature, which was below the glass transition temperature determined using DMA. However,
polymer interdiffusion of these samples can occur in experiments at room temperature. Glass
transition temperature, as measured by DMA, represents the bulk region of solvent-cast thin
films. Nevertheless, the glass transition temperature of the surface region is much smaller than
that of the bulk region (Jean et al. 1997). This is because the mobility of polymer chains is
reinforced at the surface region rather than at the interior bulk region. In addition, other
amorphous polymers have shown polymer interdiffusion below the bulk glass transition
temperature (Boiko and Prud'homme 1998; Kawaguchi et al. 2003).
3.4.2.2.2.2 Effect of Residual Water Concentration on Bonding
Figure 3.11 shows both glass transition temperature, and bonding threshold pressure, as a
function of residual water concentration. The fluctuations of glass transition temperature and
bonding threshold pressure, according to changes in residual water concentration, were markedly
similar. Solvent-cast thin films with higher residual water concentrations showed lower bonding
threshold pressures. Meanwhile, high residual water concentration induced a decrease in average
bonding strength at complete bonding state. If residual water concentration increases, then
bonding occurs more easily, but the strength of material diminishes.
A reduction in glass transition temperature by increasing the residual water concentration
is referred to as the plasticizing effect of water (Myung Cheon and Nikolaos 1993). Furthermore,
even low residual water concentrations, about 1 ~ 2 wt %, have a considerable mole fraction,
since water has low molar mass (Ali et al. 1997). Hence, even small weight percentages of water
have substantially large plasticizing effects.
Water can reside in polymers as either bound or unbound (free) water (Nogueira et al.,
2001; Pethrick et al., 1996). The bound water forms hydrogen bonds with polar hydroxyl groups
(-OH) of polymers, so it weakens the network of the polymer interchain. On the other hand,
unbound (free) water is absorbed into the free volume of the polymer network and then fills
microcavities of the network.
It is known that all water behaves as bound water below 45 wt % residual water
concentration in an HPMC-water system (Ali et al. 1997). Therefore, the plasticizing effect of
bound water would be dominant for solvent-cast thin films, which use the excipient HPMC. If
residual water concentration increases, then the network of the polymer chain begins to weaken
and rupture, on account of the interaction between water and polymer polar groups.
Consequently, polymer molecules are distributed more widely in accordance with reduction in
entanglement density per unit volume. This causes the motion of polymer molecules to be more
active and reduces glass transition temperature. For this reason, layer bonding occurs more easily,
due to the fast penetration of polymer chain end segments under the same compression pressure.
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3.4.2.2.2.3 Effect of Excipient Concentration on Bonding
Figure 3.12 shows the experimental results of Figures 3.8 and 3.9, showing bonding
threshold pressure, glass transition temperature, and average bonding strength at complete
bonding state as a function of excipient concentration. Sample numbers 11 - 13 in Table 2.3 are
solvent-cast thin films having various API loading. When API loading is changed, both surface
roughness and residual water concentration become different simultaneously. Surface roughness
and residual water concentration are important parameters affecting glass transition temperature
and bonding threshold pressure. Therefore, it is very difficult to isolate and investigate the effects
of excipient concentration alone, on bonding by varying API loading. For this reason, the results
of Figure 3.8 (various residual water concentrations) and 3.9 (various API loading) are
concurrently shown and discussed.
When excipient concentration was increased, both glass transition temperature and
bonding threshold pressure showed proportional increasing relationships, as illustrated by
Figures 3.12 (a) and (b). This result contrasts with the inversely proportional relationship
between glass transition temperature and bonding threshold pressure according to residual water
concentration. An increase in excipient concentration leads to an increase in the number of
amorphous polymer chains per unit volume. Accordingly, the entanglement density of polymer
chains per unit volume also rises. The mobility of amorphous polymer chains is restrained in
inverse proportion to the entanglement density of neighboring chains (Wool 1995). That is to say,
an increase in excipient concentration causes a reduction in glass transition temperature and
polymer mobility, and these reductions are eventually connected to weak polymer interdiffusion,
an increase in bonding threshold pressure, and difficult layer bonding. Meanwhile, no significant
effects were noted with regard to the effects of excipient concentration on average bonding
strength at complete bonding state.
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3.4.2.3 Dwell Time: Compression Rate
Experimental results of layer bonding at 1, 10, and 100 mm/min compression rates are
shown in Figure 3.13. Sample number 12 from Table 2.3 was used in this set of experiments.
The bonding threshold pressure above the 10 mm/min compression rate was substantially higher
than that obtained at the 1 mm/min compression rate, as shown in figure 3.13 (d). These
experimental results indicated that compression rate is generally proportional to bonding
threshold pressure. On the other hand, there was a slight drop in bonding threshold pressure after
10 mm/min. Considering the substantial variations of the lap shear test, this slight drop would
not preclude the interpretation of a proportional relationship between compression rate and
bonding threshold pressure.
On the other hand, compression rate is inversely proportional to dwell time. Therefore, a
long dwell time induces low bonding threshold pressure. This is because bonding strength from
the polymer interdiffusion mechanism shows time dependent behavior, which has also been
observed for other polymers (Guerin et al. 2003). In other words, if dwell time increases,
polymer chain end segments have adequate time to penetrate the contacting surface with
sufficient depth. Thus, a longer dwell time leads to easier bonding for solvent-cast thin films.
Based on these results, we can conclude that a slow compression rate is advantageous for
easy bonding. However, a slow compression rate also has the effect of reducing the process
production rate of the roller compressors and the tablet press. Namely, there is a trade-off
between ease of bonding and rapid production rate in terms of the compression rate. Meanwhile,
no significant effects were noted with regard to the effects of excipient concentration on average
bonding strength at complete bonding state.
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3.5 Summary
Figure 3.14 explicitly illustrates a schematic of the layer bonding mechanism for solvent-
cast thin films. Amorphous polymer interdiffusion can be roughly classified into three steps. The
first step is the non-bonding state, in which two surfaces begin to contact each other under
externally applied compression pressure. The second step is the incomplete bonding state. In this
stage, intimate contact occurs by plastic deformation of material at some local areas of the
surface interface. Consecutively, amorphous polymer chain end segments start to penetrate
across the surface interface. The third and final step is the complete bonding state. In this state,
polymer interdiffusion is completed and relative contact area and penetration depth of polymer
chains are maximized. Therefore, there is no increase in bonding strength, even though higher
compression pressure is applied to the polymer films.
Critical parameters on layer bonding and their hierarchy can be synthesized as shown in
Figure 3.15, based on the mechanism of polymer interdiffusion in Figure 3.14. Layer bonding of
solvent-cast thin films can be quantitatively expressed through a concept of bonding threshold
pressure. Large bonding threshold pressure simply means difficult bonding, since the films
require more compression pressure to reach the complete bonding state. On the other hand,
polymer interdiffusion is determined by relative contact area, and penetration depth at the layer
interface. Relative contact area depends on surface roughness, so that a smoother surface has a
larger relative contact area. And polymer mobility (penetration rate) and dwell time can control
penetration depth. Polymer mobility can be represented by glass transition temperature and it is
determined by dint of both residual water and excipient concentrations. The movement of
polymer chains is more active at higher residual water concentrations and lower excipient
concentrations. Meanwhile, dwell time depends on the compression rate, and there is an
inversely proportional relationship between them. Layer bonding of solvent-cast thin films can
be summarized once again as follows:
(1) Bonding threshold pressure is proportionate to the arithmetic average of two Ra values
contacting each other. In other words, bonding is easier for smoother surfaces.
(2) Bonding threshold pressure is in proportion to glass transition temperature.
(2-1) Glass transition temperature is inversely proportional to residual water
concentration. That is, the wetter the films, the easier the bonding.
(2-2) Glass transition temperature is proportional to residual excipient concentration.
Therefore, higher API loading induces more facile bonding.
(3) Bonding threshold pressure is proportional to dwell time. For the sake of bonding, it is better
to make the compression rate slow.
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Figure 3.14 Schematic of the Polymer Interdiffusion Process
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CHAPTER 4
MECHANICAL CHARACTERIZATION
4.1 Introduction
A specialized folding process can be used to change the shape of solvent-cast thin films
from a flat sheet into an accordion-like shape. At this folding stage, plastic deformation, caused
by stress concentration at the folded local line, can lead to breakage of the solvent-cast thin films.
During the transfer process, breakage of the films by the applied tension, and time dependent
creep phenomenon caused by the polymer's viscoelasticity, can be potential challenges. Creep
could induce thickness variation of the solvent-cast thin films and consequently, influence the
weight uniformity of the resulting tablets. The tensile properties and indentation hardness of the
materials depend on the residual water concentration of the solvent-cast thin films, and as a
matter of course, the drying conditions.
In addition to the layer bonding studies, the above-mentioned properties are also crucial
issues to be considered when designing the processes and machines that transform solvent-cast
thin films into tablets. In connection with this, the following mechanical characterizations were
performed in this chapter:
(a) General mechanical characterization: Tensile stress-strain relationships, indentation,
load-penetration depth curve
(b) Ductile-brittle transition: Change of mechanical properties in terms of residual water
concentration
(c) Viscoelastic characterization: Creep, effect of strain rates on tensile properties
Studies that further our understanding of the mechanical behavior of materials can be
helpful in determining the design specifications of the folding machine, tablet press, and thin
film transfer process. When combined with the layer bonding analysis elsewhere in Chapter 3,
these studies ultimately provide feedback on the chemical formulation of the solvent-cast thin
films.
4.2 Experimental Set-up
4.2.1 Tensile Experiments
Tensile experimentation is an easy and appropriate way to characterize the mechanical
properties of solvent-cast thin films, considering their geometry of comparatively smaller
thickness than length and width.
Materials and Apparatus
Solvent-cast thin film specimens with 25 mm length X 5 mm width, as shown in Figure
3.1, were used for tensile experiments. A rectangular shaped specimen modified from ASTM D
882 was used for the tensile experiments, since the maximum dimensions of the hand-cast film
were smaller than the dog-bone shaped specimen of ASTM D 638. Of the 25 mm total length,
the 15 mm center portion was the tensile testing region and both 5 mm end parts were used for
the sake of grip. The Zwick mechanical tester used for layer bonding experiments in Section
3.3.1.1 was also employed for the tensile experiments. The test specimens and tensile grips of the
Zwick mechanical tester were connected using Nashua 398 multi-purpose duct tape to prevent
potential slipping, in the same manner as they were for the layer bonding experiments.
Procedures
The tensile experiments were conducted using the tensile mode of the Zwick mechanical
tester. At least 5 measurements were repeated for one set of samples. Two tensile experiments
were conducted for different objectives: in order to measure the modulus of elasticity, and also
the tensile properties independent of modulus of elasticity. To determine the modulus of
elasticity, the strain rate was set at 0.1 1/min (crosshead speed 1.5 mm/min). To measure the
tensile properties independent of the modulus of elasticity, the strain rate was set at 0.1 1/min
(crosshead speed 1.5 mm/min) when fracture strain (percent elongation at break) was less than
20 % and 0.5 1/min (crosshead speed 7.5 mm/min) when fracture strain was 20 ~ 100 %.
4.2.2 Microindentation Experiments
Materials and Apparatus
Sample numbers 12, 13, and 14, from Table 2.3, were used for the microindentation
experiments. Figure 4.1 shows an instrumented microindenter, developed by B. P. Gearing and
housed at MIT. Displacements of flexure and output voltage data were acquired using National
Instrument Labview 6.0 virtual instrument software and a computer-controlled data acquisition
board connected to the instrumented microindenter. A Berkovich diamond tip, purchased from
Gilmore Diamond Tools, Inc., was added to the centerpiece flexture.
Figure 4.1 Instrumented Microindentation Apparatus (Gearing 2002)
Procedures
The bottom surface of the solvent-cast thin film samples was attached onto a PMMA
plate using 3M double-sided scotch tape and then these plates were placed on the specimen stage
of the instrumented microindenter. The effect of the substrate on the indentation load-penetration
depth curve can be ignored when the indentation depth is less than 1/10 of the sample thickness.
Considering this, and the 104 pm sample thickness, the indentation tip descends no more than 10
pm. A 1 mN/s indentation speed was slow enough to catch the moment of contact between the
indentation tip and the sample, so that the indentation depth could be controlled through the
Labview software in the force-controlled system. Compliance of flexure was considered during
post data-processing, which converted flexure displacement - output voltage data into an
indentation load - penetration depth curve.
4.2.3 Viscoelastic Characterization
4.2.3.1 Tensile Cyclic Experiments
Sample number 7, from Table 2.3, was used for tensile cyclic experiments, which utilized
the same specimen geometry and apparatus as that described in Section 4.2.1. The crosshead
speed in loading and unloading experiments was 1 mm/min.
4.2.3.2 Creep Experiments
Sample number 7, from Table 2.3, was used for creep experiments. The test specimen's
geometry and apparatus were identical to those described in the tensile experiments of Section
4.2.1. Creep experiments were conducted in conformity with ASTM D 2990. Four constant
stress levels: 1.00, 2.29, 3.05, and 4.15 MPa were maintained for 30 minutes. Loading speed
was 9 mm/min (0.01 1/sec) so that the full loading time from the force-increasing step, up to
constant stress levels, was kept within 5 seconds.
4.2.3.3 Tensile Experiments at Various Strain Rates
Sample number 7, from Table 2.3, was used for tensile experiments at various strain rates.
The apparatus and procedures used were the same as those used for the tensile experiments in
Section 4.2.1.
4.3 Experimental Results and Discussion
4.3.1 Characteristics of Material Behavior
4.3.1.1 Tensile Stress-strain Relationships
Interpretation of Tensile Stress-Strain Curves
The stress-strain curve from one of 5 tensile experiments involving sample number 1,
from Table 2.3, is shown in Figure 4.2 (a). All the stress and strain mentioned in this thesis is not
true stress and strain, but rather engineering (nominal) stress and strain. The curve AC before
reaching linear elastic line CD is the toe region, which does not reflect the mechanical behavior
of materials. Loose connections or alignment failure between specimens and tensile grips are the
reason for the toe region occurrence. Hence, the toe region was considered during the post data-
processing through the toe compensation as follows:
(a) Delete data of curve AC.
(b) Find intersection point B between extended line of linear elastic line CD and strain
axis.
(c) Move the stress-strain curve to locate intersection point B with the origin.
The stress-strain curve of one of 5 tensile experiments for sample number 2, from Table
2.3, is shown in Figure 4.2 (b). The toe region of this stress-strain curve is already modified
through the toe compensation. The tensile properties of the solvent-cast thin films were extracted
from the stress-strain curves. The modulus of elasticity (Young's modulus) was calculated from
the slope (stiffness) of the linear elastic line. The 0.2 % offset method was used to define the
yield strength and yield strain, since there was no distinct point dividing the elastic and plastic
regions in the stress-strain curves of solvent-cast thin films. Meanwhile, UTS, and strain at UTS,
were taken at the maximum loading point of the stress-strain curve, and fracture stress, and
fracture strain, were calculated from the fracture point of the solvent-cast thin films. The
modulus of toughness was also defined as the total area up to the fracture point under the stress-
strain curve, meaning the energy needed to completely fracture the material.
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Elastoplastic Behavior and Brittle Fracture
Typical stress-strain relationships of polymer materials under tension are represented in
Figure 4.3 (a). The mechanical behaviors of polymer materials can be classified into Types A, B,
and C (Grellmann and Seidler 2007). Type A material, which exhibits the typical behavior of
polymers such as Polycarbonate, Polymethyl methacrylate, and Polystyrene, is linear elastic,
having high strength and low ductility and toughness. Elastomeric Type B exhibits the typical
behavior of polymers like rubber, with high ductility and low strength and toughness. Figure 4.3
(a) illustrates the Type C curve by using the stress-strain curve of one of 5 tensile experiments
for sample number 2, from Table 2.3. Type C material is elastoplastic, like Polyethylene,
Polypropylene, and Nylon, which share the behavior of solvent-cast thin films.
Figure 4.3 (b) shows a typical fracture pattern of polymers under tension. The solid blue
curve of Figure 4.3 (b) is another of the stress-strain curves from the 5 tensile experiments for
sample number 2, from Table 2.3. The fracture patterns of polymer materials can be divided into
.. .......... . ...... .....
brittle and tough fracture types (Nicholson 2006). There is no substantial necking after the UTS
point, which is adjacent to the fracture point at the brittle fracture pattern. On the other hand, the
tough fracture displays visible necking phenomenon and fracture occurs after considerable
increase in strain from the UTS point. Solvent-cast thin films showed a brittle fracture pattern
under tension.
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Figure 4.3 Characteristics of Material Behavior under Tension
4.3.1.2 Indentation Load - Penetration Depth Curve
The indentation load (P) - penetration depth (h) curve for sample number 12, from Table
2.3, is shown in Figure 4.4. Microindentation experiments were repeated at least 5 times for the
same solvent-cast thin film sample group.
The plastic contact depth at the maximum load point, h,, is defined as (Oliver and Pharr
2002):
h, = hax- max
S
............... : .............
............................... ............
(4.1)
where hm., is the penetration depth at the maximum load point of the P-h curve and, e is the
dP.geometric constant (0.75 for the Berkovich indenter tip), S = is the contact slope at the
maximum load point of the unloading curve, and P. is the maximum load of the P-h curve.
Contact area, A, for the Berkovich indenter tip can be expressed as:
A = 24.56h (4.2)
Indentation hardness is defined as (Zeng and Chiu 2001):
H = PMX (4.3)
Figure 4.7 shows indentation hardness values of solvent-cast thin films calculated by
Equation 4.3.
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4.3.2 Ductile-Brittle Transition
4.3.2.1 Tensile Properties
The tensile stress-strain curves of samples number 1, 2, 3, and 5, from Table 2.3, are
shown in Figure 4.5. Each sample has a different residual water concentration, despite having the
same chemical formulation, because of various vacuum drying times. According to the reduction
in residual water concentration by drying, stress-strain curves showed a tendency to increase in
strength and decrease in ductility. Even though they were still within the range of the
elastoplastic region, the stress-strain curves gradually moved toward the linear elastic behavior
of the type A polymer as drying continued. In other words, solvent-cast thin films showed
ductile-brittle transition as a result of solvent evaporation.
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Figure 4.5 Changes of Stress-Strain Relationships by Drying
The tensile properties of solvent-cast thin film specimens having various residual water
concentrations are shown in Figure 4.6. Sample numbers 1, 2, 3, 4, and 5, from Table 2.3, were
............................ "I'll" ...........
used for these tests and at least 5 tensile experiments were repeated for the same sample group.
The blue rhombic dot and error bar indicates the average and standard deviations, respectively.
Strength factors such as the modulus of elasticity, UTS, fracture strength, and yield
strength were inversely proportional to the residual water concentration. It is known that residual
water has a plasticizing effect, which reduces strength factors (Ellis and Karasz 1984). Mutual
attractive forces caused by hydrogen bonding between water and polymers weaken the polymer
interchain (Nogueira et al. 2001). Therefore, the interaction between water and polymer
decreases and the network structure of polymers is restored in compliance with solvent
evaporation.
Meanwhile, the residual water concentration was observed to have no significant effect
on either the ductility factors (strain at UTS, fracture strain, and yield strain) or the toughness
factor (modulus of toughness).
In the end, the strength of materials can be reinforced by means of low residual water
concentration with no substantial effect on the ductility and toughness of solvent-cast thin films.
External tension will be applied to the solvent-cast thin films during the transfer process,
therefore, it is helpful to lower residual water concentration in order to prevent unnecessary
plastic deformation, or the fracture of the solvent-cast thin films. However, as discussed earlier
in Chapter 3, low residual water concentration leads to difficult bonding, so that ultimately, there
is a trade-off between the transfer and bonding process in terms of residual water concentration.
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4.3.2.2 Indentation Hardness
Figure 4.7 shows the indentation hardness of solvent-cast thin films at various residual
water concentrations as measured by the instrumented microindenter. The indentation hardness
was found to be inversely proportion to residual water concentration, which is the same
relationship that exists between tensile strength and residual water concentration.
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Figure 4.7 Indentation Hardness at Various Residual Water Concentrations
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4.3.3 Viscoelastic Characterization
4.3.3.1 Viscoelastoplasticity
Tensile cyclic tests were conducted in order to check the viscoelastic behavior of the
solvent-cast thin films. Based upon the results, a decision could be made as to whether or not
viscoelastic characterization experiments were necessary.
Strain inputs are shown as a function of time in tensile cyclic tests in Figure 4.8 (a). The
loading-unloading experiments were repeated for 3 total cycles. Considering 21 ± 6 % strain at
UTS of sample number 7 from Table 2.3, used for tensile cyclic tests, the maximum strain was
determined to be 14 % smaller than the strain at UTS in order to avoid necking of the solvent-
cast thin films. There are 3 stress-strain relationships that emerged as a result of the tensile cyclic
tests. In the first case, the loading and unloading curves have the same route, as shown in Figure
4.8 (b), so that they show perfect elastic recovery without plasticity. If the unloading curve has a
different route though, it will eventually return to the initial point of the loading curve, as shown
in Figure 4.8 (c). Then viscoelasticity exists, but there is no permanent plastic deformation. In
the last case, as shown in Figure 4.8 (d), the unloading curve does not follow the route of the
loading curve and the unloading curve does not return to the initial point of the loading curve.
This suggests viscoelasticity and plastic deformation of materials. We can, therefore, say that
solvent-cast thin films show viscoelastoplastic behavior in tensile cyclic tests.
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Figure 4.8 Tensile Cyclic Experiments
4.3.3.2 Creep
Creep strain and creep modulus data from creep experiments at 1.00, 2.09, 3.05, and 4.15
MPa stress levels are shown in Figure 4.9. The UTS and yield strength of solvent-cast thin films
used for creep experiments were 8.72 and 4.16 MPa, respectively, so that all the applied initial
stresses were below yield strength. Creep modulus, D(t), is given below as:
D(t) - c , (4.4)E(t)
....... .. .. .. ..... .. 
where -o is initial stress held constant and e(t) is measured creep strain.
In Figure 4.9 (b), the creep modulus was calculated from the creep strain. Creep modulus
increases dramatically as a function of time above 2.09 MPa stress level, but no special creep
phenomenon was observed at 1.00 MPa stress level. Hence, creep begins to develop when the
ratio of initial stress to yield strength is in the range of 24 ~ 50 %.
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4.3.3.3 Tensile Properties at Various Strain Rates
Strain rate is known as a primary factor effecting the mechanical properties of viscous
polymers (Ellis et al. 1996). Tensile experiment results at each 0.001, 0.01, and 0.1 1/sec strain
rate are shown in Figure 4.10. Strain rate was proportional to strength factors, such as modulus
of elasticity, UTS, fracture strength, and yield strength. However, it was hard to find a
correlation between the strain rate and ductility factors, such as strain at UTS, fracture strain, and
yield strain. Besides, toughness factors, such as modulus of toughness, showed proportional
relationships with strain rate. Therefore, it is better to increase folding speed to avert the fracture
of folds, since a high strain rate can reinforce strength and toughness factors of the solvent-cast
thin film sheets.
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Figure 4.10 Tensile Properties at Various Strain Rates
4.4 Summary
In this chapter, the characteristics of the material behavior of solvent-cast thin films were
analyzed. Also investigated were the ductile-brittle transition with respect to residual water
concentration, creep, and the effect of strain rate on tensile properties. The stress-strain curve of
solvent-cast thin films under tension showed elastoplastic behavior, and brittle fracture without
visible necking was observed.
Residual water concentration did not exhibit any correlation with either ductility or
toughness factors. On the other hand, a reduction in residual water concentration by drying
increases indentation hardness and strength factors among tensile properties. This can be
explained by the weakening of the polymer interchain structure caused by the affinity between
water molecules and the amorphous polymer chain. Therefore, considering the transfer process,
in which tension is applied, it is better to lower the residual water concentration through the
drying process so that the strength factors of the solvent-cast thin films are intensified. However,
low residual water concentration is unfavorable for the purpose of layer bonding as discussed in
Chapter 3. This results in a trade-off between the bonding and transfer process in terms of
residual water concentration.
The viscoelastoplasticity of solvent-cast thin films was verified by tensile cyclic tests.
Creep modulus starts to diminish rapidly at the stress range, which is 24 ~ 50 % of the yield
strength. Strength and toughness factors of solvent-cast thin films increase as the strain rate rises.
Therefore, it is advantageous to speed up the folding process so as to prevent fracture of the
solvent-cast thin films.
.............................................. ............ .
CHAPTER 5
CONCLUSION
5.1 Summary of the Thesis
In this thesis, bonding threshold pressure, a concept extracted from lap shear test results,
was suggested as an indicator to define the layer bonding of solvent-cast thin films quantitatively.
Critical parameters on layer bonding were investigated on the grounds of better understanding
the bonding mechanism. Moreover, the mechanical and viscoelastic properties of solvent-cast
thin films were characterized.
Bonding strengths between solvent-cast thin film layers were measured using the lap
shear test. The relationship between compression pressure and bonding strength can be
categorized in three separate states: the non-bonding state, the incomplete bonding state, and the
complete bonding state. The incomplete and complete bonding states were divided at the
bonding threshold point, and the bonding strength converged to a constant value at the complete
bonding state.
The layer bonding mechanism of solvent-cast thin films can be interpreted as an
interdiffusion of amorphous polymer chain end segments at the surface interface. Critical
parameters used to determine layer bonding strength were relative contact area, polymer mobility,
and dwell time. The relative contact area is contingent upon surface roughness values of the two
contacting solvent-cast thin films. Bonding was easier for the smoother surfaces since they have
a high relative contact area as a result of the plastic deformation of materials. The mobility of
amorphous polymer chain end segments was determined from the glass transition temperature.
At a lower glass transition temperature, the penetration rate of amorphous polymer chain end
segments was faster, so that bonding was completed more easily. Bonding threshold pressure
was proportionate to glass transition temperature. A decrease in glass transition temperature was
accomplished at high residual water concentration and low excipient concentration. Bonding
threshold pressure was inversely proportional to dwell time, which can be controlled by the
compression rate. To sum up, bonding occurs more easily with smooth surface roughness, a high
residual water concentration, a low excipient concentration, and a slow compression rate.
The mechanical and viscoelastic properties of solvent-cast thin films were characterized
by tensile experiments, microindentation experiments, tensile cyclic experiments, and creep
experiments. Through these experiments, the solvent-cast thin films showed both elastoplastic
behavior and a brittle fracture pattern. The residual water concentration was found to be
inversely proportional to the indentation hardness and strength factors of its tensile properties.
Hence, there is a trade-off between the bonding and folding process in terms of residual water
concentration. The viscoelastoplasticity of solvent-cast thin films was verified by tensile cyclic
experiments. The critical range, in which creep modulus begins to increase suddenly, was
identified as 24 ~ 50 % of yield strength. The strength and toughness of solvent-cast thin films
was found to increase as the strain rate rises. Therefore, it is better to increase the folding speed
in order to prevent fracture at the folded line of the solvent-cast thin film sheets.
5.2 Recommendations for Future Work
Effect of Polymer Molecular Wei2ht on Layer Bonding
It has long been known that if the molecular weight of the polymer is larger, then it takes
longer to complete bonding (Wool 1995). Therefore, to increase the bondability of polymers, it is
better to use an excipient with a smaller molecular weight. Further study regarding the effects of
excipient molecular weight on layer bonding would provide useful feedback on the role of
excipient choice in the chemical formulation process.
Stress Distribution Analysis of Folded Solvent-Cast Thin Films in the Die System
During the tablet compaction process, the external force from the upper punch and the
reaction forces from the lower punch and the die wall, are applied to the solvent-cast thin film
folds. Furthermore, friction force between the die wall and the solvent-cast thin film folds also
occurs because of the uniaxial force from the upper punch. This friction force causes nonuniform
stress distribution at each interface of the solvent-cast thin film folds in the die. Therefore, a
stress distribution analysis at each interface of the solvent-cast thin film folds is recommended
for future work. Such an investigation would impact machine design profoundly, since
knowledge of the real stress at each interface could then be considered with the established
bonding threshold pressure to determine the compression pressure needed for a complete
bonding state at every interface. Most importantly, once every interface is at a complete bonding
state, the problem of delamination, the primary tablet failure mode, can effectively be eliminated.
REFERENCES
Adams, D., Alford, T. L., Theodore, N. D., and Russell, S. W. (1995). "Segregation of Cu in Cu
(Ti) Alloys during Nitridation in NH3." Thin Solid Films, 270(1-2), 346-350.
Ali, N., James, L. F., and Michael, H. R. (1997). "Studies on the Interaction between Water and
(Hydroxypropyl)methylcellulose." Journal ofPharmaceutical Sciences, 86(5), 608-615.
Allen, K. W. (1993). "Some Reflections on Contemporary Views of Theories of Adhesion."
International Journal ofAdhesion and Adhesives, 13(2), 67-72.
Allen, K. W. (2005). "Theories of Adhesion." Handbook of Adhesion, D. E. Packham, ed., John
Wiley & Sons Ltd., Chichester, UK.
B'Hymer, C. (2003). "Residual Solvent Testing: A Review of Gas-Chromatographic and
Alternative Techniques." Pharmaceutical Research, 20(3), 337-344.
Banker, G., Peck, G., Williams, E., Taylor, D., and Pirakitikulr, P. (1982). "Microbiological
Considerations of Polymer Solutions Used in Aqueous Film Coating." Drug Development
and Industrial Pharmacy, 8(1), 41-51.
Barral, L., Cano, J., Lopez, J., Lopez-Bueno, I., Nogueira, P., Abad, M. J., Torres, A., and
Ramirez, C. (2000). "Mechanical Behavior of Tetrafunctional/phenol Novolac Epoxy
Mixtures Cured with a Diamine." Journal of Applied Polymer Science, 77(10), 2305-
2313.
Belousov, V. A. (1974). "Basic Laws Governing the Compacting of Chemicopharmaceutical
Powders." Pharmaceutical Chemistry Journal, 8(5), 311-317.
Bennett, B., and Cole, G. (2003). Pharmaceutical Production: An Engineering Guide, Institution
of Chemical Engineers, UK.
Bizi, M., Flament, M. P., Leterme, P., Baudet, G., and Gayot, A. (2003). "Relation between
Structural Characteristics of Talc and its Properties as an Antisticking Agent in the
Production of Tablets." European Journal ofPharmaceutical Sciences, 19(5), 373-379.
Boiko, Y. M., and Prud'homme, R. E. (1998). "Strength Development at the Interface of
Amorphous Polymers and Their Miscible Blends, below the Glass Transition
Temperature." Macromolecules, 31(19), 6620-6626.
Dauskardt, R. H., Lane, M., Ma, Q., and Krishna, N. (1998). "Adhesion and Debonding of Multi-
Layer Thin Film Structures." Engineering Fracture Mechanics, 61(1), 141-162.
Dedesma, C. (2010). "The Canary in the Coal Mine - Migraine." <http://miter.mit.edu/node/152>
(April 18, 2010).
Deshpande, A. A., Shah, N. H., Rhodes, C. T., and Malick, W. (1997). "Evaluation of Films
Used in Development of a Novel Controlled-Release System for Gastric Retention."
International Journal of Pharmaceutics, 159(2), 255-258.
Ellis, B., Found, M. S., and Bell, J. R. (1996). "Effects of Cure Treatment on Glass Transition
Temperatures for a BADGE-DDM Epoxy Resin." Journal of Applied Polymer Science,
59(10), 1493-1505.
Ellis, T. S., and Karasz, F. E. (1984). "Interaction of Epoxy Resins with Water: the Depression of
Glass Transition Temperature." Polymer, 25(5), 664-669.
Frank, B., Gast, A. P., Russell, T. P., Brown, H. R., and Hawker, C. (1996). "Polymer Mobility
in Thin Films." Macromolecules, 29(20), 6531-6534.
Gad, S. C. (2008). Pharmaceutical Manufacturing Handbook: Production and Processes, John
Wiley & Sons, Hoboken, NJ.
Gearing, B. P. (2002). "Constitutive Equations and Failure Criteria for Amorphous Polymeric
Solids." MIT, Cambridge, MA.
Gent, A. N., and Lin, C. W. (1990). "Model Studies of the Effect of Surface Roughness and
Mechanical Interlocking on Adhesion." The Journal ofAdhesion, 32(2), 113 - 125.
Grellmann, W., and Seidler, S. (2007). Polymer Testing, Hanser Gardner Publications,
Cincinnati, Ohio.
Guerin, G., Mauger, F., and Prud'homme, R. E. (2003). "The Adhesion of Amorphous
Polystyrene Surfaces below Tg." Polymer, 44(24), 7477-7484.
Guo, J.-H., Skinner, G. W., Harcum, W. W., and Barnum, P. E. (1998). "Pharmaceutical
Applications of Naturally Occurring Water-Soluble Polymers." Pharmaceutical Science
& Technology Today, 1(6), 254-261.
Jabbari, E., and Peppas, N. A. (1994). "Polymer-Polymer Interdiffusion and Adhesion." Polymer
Reviews, 34(2), 205 - 241.
Jean, Y. C., Zhang, R., Cao, H., Yuan, J.-P., Huang, C.-M., Nielsen, B., and Asoka-Kumar, P.
(1997). "Glass Transition of Polystyrene near the Surface Studied by Slow-Positron-
Annihilation Spectroscopy." Physical Review B, 56(14), R8459.
Kawaguchi, D., Tanaka, K., Kajiyama, T., Takahara, A., and Tasaki, S. (2003). "Mobility
Gradient in Surface Region of Monodisperse Polystyrene Films." Macromolecules, 36(4),
1235-1240.
Mahato, R. I. (2007). Pharmaceutical Dosage Forms and Drug Delivery, CRC Press, Boca
Raton, FL.
Meyers, G. F., DeKoven, B. M., and Seitz, J. T. (1992). "Is the Molecular Surface of Polystyrene
Really Glassy?" Langmuir, 8(9), 2330-2335.
Myung Cheon, L., and Nikolaos, A. P. (1993). "Water Transport in Graphite/Epoxy
Composites." Journal ofApplied Polymer Science, 47(8), 1349-1359.
Navaneetha Pandiyaraj, K., Selvarajan, V., Deshmukh, R. R., and Gao, C. (2008). "Adhesive
Properties of Polypropylene (PP) and Polyethylene Terephthalate (PET) Film Surfaces
Treated by DC Glow Discharge Plasma." Vacuum, 83(2), 332-339.
Nicholson, J. W. (2006). The Chemistry of Polymers, Royal Society of Chemistry, Cambridge,
UK.
Nogueira, P., Ramirez, C., Torres, A., Abad, M. J., Cano, J., Lopez, J., Lopez-Bueno, I., and
Barral, L. (2001). "Effect of Water Sorption on the Structure and Mechanical Properties
of an Epoxy Resin System." Journal ofApplied Polymer Science, 80(1), 71-80.
Oliver, W. C., and Pharr, G. M. (2002). "An Improved Technique for Determining Hardness and
Elastic Modulus Using Load and Displacement Sensing Indentation Experiments."
Journal ofMaterials Research, 7(6), 1564-1583.
Packham, D. E., and Johnston, C. (1994). "Mechanical Ddhesion: Were McBain and Hopkins
Right? An Empirical Study." International Journal of Adhesion and Adhesives, 14(2),
131-135.
Pandiyaraj, K. N., Selvarajan, V., Deshmukh, R. R., and Gao, C. (2009). "Modification of
Surface Properties of Polypropylene (PP) Film Using DC Glow Discharge Air Plasma."
Applied Surface Science, 255(7), 3965-3971.
Persson, B. N. J., Albohr, 0., Creton, C., and Peveri, V. (2004). "Contact Area between a
Viscoelastic Solid and a Hard, Randomly Rough, Substrate." The Journal of Chemical
Physics, 120(18), 8779-8793.
Sanchez, I. C. (1992). Physics of Polymer Surfaces and Interfaces, Butterworth-Heinemann
Stoneham, MA.
Schultz, J., and Nardin, M. (2003). Handbook ofAdhesive Technology, A. Pizzi and K. L. Mittal,
eds., M. Dekker, New York.
Sinha, T., Curtis, J. S., Hancock, B. C., and Wassgren, C. (2009). "A Study on the Sensitivity of
Drucker-Prager Cap Model Parameters during the Decompression Phase of Powder
Compaction Simulations." Powder Technology, 198(3), 315-324.
Voiutskii, S. S. (1963). Autohesion and Adhesion ofHigh Polymers, Wiley, New York.
Wool, R. P. (1995). Polymer Interfaces: Structure and Strength, Hanser/Gardner Publications,
Inc., Cincinnati, Ohio.
Wool, R. P., and O'Connor, K. M. (1981). "A Theory Crack Healing in Polymers." Journal of
Applied Physics, 52(10), 5953-5963.
Wu, C. Y., Ruddy, 0. M., Bentham, A. C., Hancock, B. C., Best, S. M., and Elliott, J. A. (2005).
"Modelling the Mechanical Behaviour of Pharmaceutical Powders during Compaction."
Powder Technology, 152(1-3), 107-117.
Yen, W. T., and Lin, Y. C. (2009). "A Study on the Bonding Conditions and Mechanism for
Glass-to-Glass Anodic Bonding in Field Emission Display." Journal ofAdhesion Science
and Technology, 23, 151-162.
Yuri, M. B., Anders, B., and Jorgen, L.-J. (2004). "Self-Bonding in an Amorphous Polymer
below the Glass Transition: A T-Peel Test Investigation." Journal of Polymer Science
Part B: Polymer Physics, 42(10), 1861-1867.
Zeng, K., and Chiu, C. h. (2001). "An Analysis of Load-Penetration Curves from Instrumented
Indentation." Acta Materialia, 49(17), 3539-3551.
Zhang, H., and Li, D. Y. (2009). "Optimization of Micro-Indentation Conditions for Evaluation
of Interfacial Bond Strength: A Finite Element Approach." Thin Solid Films, 517(17),
5259-5264.
